Secretory leukocyte protease inhibitor (SLPI) is a serine protease inhibitor found in fluids lining mucosal surfaces. In addition to its primary function as an antiprotease, SLPI may also influence cellular functions associated with enzyme synthesis and retroviral infection. In this study, SLPI was examined for its effect on signaling events involved in the production of matrix metalloproteinases (MMPs) by monocytes. Addition of SLPI before stimulation with concanavalin A or LPS resulted in a significant inhibition of monocyte prostaglandin H synthase-2 (PGHS-2), a pivotal enzyme in the PGE2-cAMP dependent pathway of monocyte MMP synthesis. Suppression of PGHS-2 was detected with 0.1 microg/ml of SLPI with a substantial inhibition at 1 and 10 micro/ml. Attenuation of PGHS-2 by SLPI was accompanied by decreased production of PGE2 resulting in the suppression of interstitial collagenase (MMP-1) and gelatinase B (MMP-9) that was reversed by PGE2 or Bt2cAMP. The inhibitory effect of SLPI was largely independent of its antiprotease activity because SLPI muteins, with significantly lower antiprotease activity, also suppressed the induction of PGHS-2 and MMPs. The inhibitory effects of SLPI did not involve the modulation of monokine production since TNF-alpha and IL-10 were unaffected. These findings demonstrate that SLPI also functions as a potent antiinflammatory agent by interfering with the signal transduction pathway leading to monocyte MMP production. 
Introduction
Secretory leukocyte protease inhibitor (SLPI) 1 is a serine protease inhibitor found in large quantities in bronchial, nasal, and cervical mucous, saliva, and seminal fluid (1, 2) . This 12-kD protein is comprised of two homologous cysteine-rich domains of 53 and 54 amino acids and has inhibitory activity against chymotrypsin, trypsin, neutrophil elastase, and cathepsin G (3, 4) . The protease-inhibitory site of SLPI resides at leucine 72 in the COOH-terminal domain (5) . The antiprotease properties of SLPI appear to serve as an important protective component of secretory fluids at sites of degenerative and inflammatory diseases. In addition to its ability to inhibit proteases, SLPI has recently been shown to inhibit HIV-1 replication in cultured human monocytes (6) . This latter observation suggested that other functions of the monocyte may be regulated by SLPI.
One of the functions ascribed to activated monocytes/macrophages is the ability to produce matrix metalloproteinases (MMPs). MMPs are a family of extracellular matrix degrading enzymes comprised of the interstitial collagenases, type IV basement membrane collagenases or gelatinases, stromelysins, matrilysin, elastase, and membrane-type matrix MMPs (7) . The interstitial collagenases specifically cleave the fibrillar collagens while the other enzyme members are capable of degrading proteoglycans, fibronectin, laminin, other collagens, gelatin, and elastin. Thus, collectively, the MMP family can degrade all of the extracellular matrix components.
Production of interstitial collagenase (MMP-1), 92-kD type IV basement membrane collagenase/gelatinase B (MMP-9) or matrilysin (MMP-7) by activated monocytes/macrophages has been shown to occur through a prostaglandin E 2 -cAMP dependent pathway (8) (9) (10) (11) (12) (13) (14) (15) . Signaling through this pathway involves the modulation of prostaglandin H synthase/cyclooxygenase (EC 1.14.99.1, PGHS, COX) (13) . Two prostaglandin synthase isoforms have been identified, referred to as PGHS-1 and PGHS-2, and are found in many cell types (see review reference 16). PGHS-1 is a constitutively expressed enzyme involved in maintaining low levels of prostaglandins that are thought to be involved in housekeeping functions such as vascular homeostasis. In contrast, PGHS-2, while generally absent in cells, is induced in response to cell activators such as growth factors, cytokines, and phorbol esters, suggesting that this enzyme is involved in the generation of prostaglandins in inflammation. Similarly, monocytes have constitutive levels of PGHS-1 and only express PGHS-2 when activated by agents such as LPS, concanavalin A (Con A) or PMA (13, 14, (17) (18) (19) . The induction of PGHS-2 in monocytes and the resulting production of PGE 2 has been shown to be involved in the signal transduction pathway leading to MMP production by these cells (14) .
The association of monocytes with chronic inflammatory diseases suggests that these cells may be intimately involved in the destruction of connective tissue in these lesions. Thus, the delineation of potential agents that may regulate the induction of MMPs is critical to the formulation of strategies to control the excessive production of MMPs. The possibility that the naturally occurring molecule SLPI might be one of these agents led us to determine whether it would modulate the signal transduction pathway leading to the production of MMPs by monocytes. Here we report that SLPI inhibits MMP production by human monocytes due to the reduction in PGE 2 synthesis as a result of suppression of the induction of PGHS-2. This effect appears to be primarily independent of the protease inhibitory properties of SLPI.
Methods
Purification of human monocytes by counterflow centrifugal elutriation. Human peripheral blood cells were obtained by leukapheresis of normal volunteers at the Department of Transfusion Medicine at the National Institutes of Health (Bethesda, MD). These cells were diluted in endotoxin-free PBS without Ca 2 ϩ and Mg 2 ϩ (BioWhittaker, Walkersville, MD) and layered over 20 ml of endotoxin-free lymphocyte sedimentation medium (LSM; Organon Teknika Corp., Durham, NC) in 50-ml tubes (Falcon, Division of Becton-Dickinson and Co., Oxnard, CA). After density sedimentation at 400 g for 30 min, the monocytes in the mononuclear cell layer were purified by counterflow centrifugal elutriation (CCE) on a Beckman elutriation system as previously described (20, 21) , except that pyrogen-free phosphatebuffered saline was used in the elutriation procedure. Monocytes were enriched to Ͼ 90% as determined by morphology, nonspecific esterase staining, and flow cytometry. Moreover, the purification procedure did not activate the monocytes as shown by the fact that after overnight incubation at 37 Њ C in suspension Ͻ 4% of these cells were IL-2 receptor positive, a sensitive marker of monocyte activation (22) .
Culture conditions. Purified monocytes were cultured in Dulbecco's Modified Eagles Medium (DME; BioWhittaker, Walkersville, MD) supplemented with 2 mM L -glutamine (Mediatech, Washington, DC) and 10 g/ml gentamicin sulfate (BioWhittaker). Control or Con A (Burroughs Wellcome Co., Research Triangle Park, NC) or LPS ( Escherichia coli O55:B5, Difco, Detroit, MI) stimulated monocytes were cultured in the presence or absence of recombinant SLPI or SLPI muteins, prepared by site-directed mutagenesis in which leucine 72 in the COOH-terminal domain, the inhibitory site for elastase, chymotrypsin, and trypsin, was replaced by glycine, phenylalanine, arginine, lysine, or valine (Amgen, Boulder, CO). Because SLPI or the muteins are partially degraded by repeated freeze thawing or if stored at 4 Њ C, frozen aliquots of these reagents were thawed immediately before use in each experiment. Dibutyryl cAMP (Bt 2 cAMP) and PGE 2 (Sigma Chemical Co., St. Louis, MO) were also added to some of the cultures. In some experiments serine protease inhibitors other than SLPI were added to monocyte cultures. These included: AEBSF [4-(2-aminoethyl)-benzenesulfonylfluoride hydrochloride] (Calbiochem, La Jolla, CA); soybean trypsin inhibitor (STI) (Sigma Chemical Co.); or ␣ -PI ( ␣ -protease inhibitor; an elastase inhibitor). The results are representative of observations obtained in three or more experiments using cells from different donors.
Extraction of RNA and Northern blot analysis. Total cellular RNA was extracted from nonadherent control or stimulated monocytes with guanidine thiocyanate as previously described (23). Cultures for mRNA analysis were harvested 18 h after LPS or Con A stimulation. The RNA samples (5 g) were subjected to formaldehyde-agarose gel electrophoresis and transferred in 10 ϫ SSC (1 ϫ SSC is 0.15 M NaCl, 0.015 M sodium citrate) to nitrocellulose membranes (Schleicher & Schuell, Inc., Keene, NH). After baking at 80 Њ C for 2 h, the membranes were prehybridized for 4 h at 42 Њ C followed by overnight hybridization in 50% formamide, 10% dextran sulfate, 5 ϫ SSC, 5 ϫ Denhardt's solution (0.1% bovine serum albumin, 0.1% polyvinylpyrrolidone and 0.1% Ficoll 400), 0.05 M Na phosphate, 0.1% SDS, 0.005 M EDTA, 50 g/ml denatured salmon sperm DNA, and 100 g/ml denatured yeast tRNA. High specific activity 32 P-labeled DNA probes ( Ͼ 10 9 cpm/ g) were generated by the use of the Random Primers labeling system (Gibco BRL, Bethesda, MD) and were added at 5 ϫ 10 6 cpm/ml hybridization solution. The cDNA probes used were the 1156-bp EcoRI fragment of mouse PGHS-2 (24) , and the 2054-bp PstI fragment of human fibroblast interstitial collagenase (25) . All the membranes were reprobed with human GAPDH (glyceraldehyde-3-phosphate dehydrogenase) cDNA (Gibco BRL) to verify that equal amounts of RNA were loaded per lane. The hybridized filters were washed twice in 2 ϫ SSC, 0.1% SDS at room temperature for 15 min each, followed by a high stringency wash, 0.1 ϫ SSC, 0.1% SDS at 55 Њ C for 30 min and placed onto phosphorimager screens for 24 h (Molecular Dynamics, Sunnyvale, CA). Scanned images were produced from phosphorimages using the Macintosh version of Adobe Photoshop (Adobe Systems Inc., Mountain View, CA) and a Microtek MSF-300ZS Flatbed Image Scanner (Microtek International, Inc., Hsinchu, Taiwan). Images were printed by a Phaser CP Color Printer (Tektronix, Inc., Beaverton, OR).
Cell protein isolation. Purified human monocytes, 20 ϫ 10 6 cells in 4 ml of DME, were cultured in suspension at 37 Њ C in 17 ϫ 100 mm polypropylene tubes (Falcon 2059; Falcon Labware, Oxnard, CA) for 18 h under various experimental conditions. The cells were then washed in PBS with protease inhibitors (2 g/ml aprotinin, 2 g/ml leupeptin, 10 g/ml soybean trypsin inhibitor, and 100 g/ml AEBSF (4-[2-aminoethyl]-benzenesulfonylfluoride-HCl) (Calbiochem, La Jolla, CA). The pellets were suspended in 250 mM sucrose containing protease inhibitors and sonicated (Ultrasonic Cell Disrupter; Kontes, Vineland, NJ). The nuclear debris and unbroken cells were pelleted at 100 g for 15 min in a refrigerated microfuge. The supernatant was microfuged at 1,500 g for 30 min to pellet cell membrane proteins. The protein concentration of the pellet was then determined by the Bradford assay (Bio-Rad, Melville, NY). Equal amounts of protein were utilized for all procedures as described in the figure legends.
PGE 2 assay. PGE 2 levels in the media supernatants from monocyte cultures were determined by RIA as described (26) using rabbit anti-PGE 2 antiserum (Upstate Biotechnology, Inc., Lake Placid, NY). In general, PGE 2 levels were measured 24 h after stimulation to allow for maximal accumulation of this prostaglandin in the media.
Cytokine assays. The levels of TNF-␣ , IL-10, and IL-6 in the supernatants from monocyte cultures (2 ϫ 10 6 /0.5 ml of DME/well of a 24-well plate) were determined by ELISA (Endogen, Cambridge, MA) according to the instructions of the manufacturer.
Western analysis. For determination of MMPs, proteins in the conditioned media from monocyte cultures were precipitated 48 h after LPS or Con A stimulation (the time of maximal MMP production) with cold ethanol (final concentration 60%) at Ϫ 70 Њ C for at least 30 min. Pelleted proteins (12,000 g for 20 min) were washed with 1 ml of ethanol and subsequently lyophilized (rotary evaporator). For PGHS-2 analysis, 100 g of cell protein, isolated as described above from cells harvested 18 h after stimulation, were dried by rotary evaporation. The lyophilized proteins were resuspended in SDS-Laemmli loading buffer (500 mM Tris-HCl [pH 6.8]/10% SDS/0.01% bromophenol-blue/20% glycerol), reduced with 1% ␤ -mercaptoethanol, heated for 2 min at 95 Њ C, loaded and electrophoresed on a discontinuous 8% (PGHS-2) or a 8-16% (MMP) Tris-glycine gradient polyacrylamide gel (Novex, San Diego, CA) in SDS running buffer (25 mM Tris-HCl [pH 8.3]/192 mM glycine/10% SDS). After electrophoresis, the proteins from membranes or conditioned supernatants were transferred onto 0.45 m nitrocellulose in a buffer containing 25 mM Tris-HCl (pH 8.3)/192 mM glycine/20% methanol and blocked with 50 mM Tris-HCl (pH 7.5)/150 mM NaCl/0.3% Tween-20 (TBST) containing 5% nonfat dry milk for at least 1 h. The blots were washed three times with TBST and then incubated for 1 h or overnight with primary antibody. For the detection of MMPs, the blots were incubated with peptide specific MMP antibodies followed by protein A-horseradish peroxidase (1:3,000 dilution in TBST containing 5% nonfat dry milk; Amersham Corp., Arlington Heights, IL) and developed with the enhanced chemiluminescence (ECL) detection system (Amersham Corp.). Affinity purified antibody against the inducible form of prostaglandin synthase (PGHS-2) was generated against a unique COOH-terminal sequence (CYSHSRLDDINPTVLIK), which is not found in the PGHS-1 protein (27) . In some experiments an affinity purified antibody against PGHS-1 was used to determine if the changes in PGHS-2 were also reflected in PGHS-1.
Results

Inhibition of prostaglandin H synthase-2 in monocytes by SLPI.
Since the production of MMPs by monocytes is regulated through a PGE 2 -dependent pathway involving the induction of PGHS-2, we initially examined the effect of SLPI on PGHS-2. Monocytes were stimulated with either Con A or LPS in the presence or absence of SLPI and examined for PGHS-2 mRNA and protein. As shown in Fig. 1 , LPS or Con A induced the expression of PGHS-2 mRNA (Fig. 1 A ) or protein (Fig. 1 B ) , which was absent in control monocytes. When monocytes were incubated with SLPI for 30 min before stimulation there was a dose-dependent inhibition of PGHS-2. This suppression was detected with as little as 0.01-0.1 g/ml of SLPI. At higher doses (1 or 10 g/ml), SLPI caused a significant reduction in inducible PGHS-2. In contrast to PGHS-2, the endogenous isoform of cyclooxygenase, PGHS-1, was unaffected by SLPI (data not shown). As shown in Fig. 2 , addition of SLPI 1 h before LPS caused a significant inhibition of PGHS-2 with a lesser but still pronounced inhibition if SLPI was added 30 min before LPS. Even if SLPI was added at the same time as LPS some inhibition was observed; however this inhibitory effect was almost completely lost if SLPI was added 30 min after LPS. These results demonstrate that SLPI acts early in the signaling pathway, and it is a potent inhibitor of PGHS-2 at concentrations that are well within the physiological range (1-10 g/ml) found, for example, in saliva (6). Moreover, SLPI suppressed the induction of PGHS-2 by either Con A or LPS, two activators that have different receptors, suggesting that the mechanism of activation did not involve downregulation of a specific receptor.
SLPI inhibits monocyte prostaglandin E 2 production. The effect of SLPI on PGHS-2 indicated that this should also be reflected in the production of prostaglandins. Because PGE 2 is the specific prostaglandin involved in the regulation of MMP by monocytes/macrophages (8, 10) , the levels of this arachidonic acid metabolite were determined in the supernatants from monocyte cultures to which SLPI had been added. In agreement with the PGHS-2 results, SLPI caused a dosedependent reduction in the levels of PGE 2 induced by LPS with significant inhibition occurring at 1-10 g/ml of SLPI (Fig. 3) . The suppression of PGE 2 by SLPI was related to inhibition of synthesis of PGHS-2 rather than an effect on PGHS-2 activity since the addition of SLPI after the induction of PGHS-2 failed to block subsequent PGE 2 production (data not shown).
SLPI inhibition of the production of MMPs by monocytes. The ability of SLPI to suppress PGHS-2 and PGE 2 suggested that it should also inhibit the production of MMPs by monocytes. We examined the influence of SLPI on the production of gelatinase B (MMP-9) and interstitial collagenase (MMP-1), two major MMPs produced by monocytes. As shown by zymography (Fig. 4 A ) , LPS caused a fourfold enhancement in the levels of MMP-9 over that detected in control monocyte cultures (Fig. 4 B ) . The induction of MMP-9 by LPS was signif- /4 ml of DME, were cultured in suspension in the presence or absence of SLPI at the indicated concentrations for 30 min, and then LPS (1 g/ml) or Con A (5 g/ml) were added to some of the cultures. Total RNA was isolated 18 h after the addition of LPS or Con A. RNA (5 g) from each sample was subjected to Northern blot analysis with the indicated probes. (B) Purified monocytes, 20 ϫ 10 6 /4 ml of DME, were incubated in suspension for 30 min with SLPI at the indicated concentrations and then LPS or Con A was added to some of the cultures. The cultures were harvested 18 h after stimulation with LPS or Con A and equal amounts of membrane protein (100 g) were separated on 8% discontinuous Tris-glycine gels and subjected to Western blot analysis using affinity purified PGHS-2 antisera. /4 ml of DME, at the indicated times relative to the addition of LPS. The cultures were harvested 18 h after stimulation with LPS and equal amounts of membrane protein (100 g) were separated on 8% discontinuous Tris-glycine gels and subjected to Western blot analysis using affinity purified PGHS-2 antisera. Figure 3 . Inhibition of monocyte PGE 2 production by SLPI. Purified human peripheral blood monocytes, 2 ϫ 10 6 /0.5 ml of DME, were cultured in 24-well plates in the absence or presence of the indicated concentrations of SLPI for 30 min. Then LPS (1 g/ml) was added to some of the cultures, and the media harvested 24 h later was assayed for PGE 2 by radioimmunoassay. The data represent the meanϮSD of duplicate samples.
icantly inhibited by SLPI, as is particularly evident at concentrations of 1 and 10 g/ml, which resulted in a reduction of ‫ف‬ 50% as determined by densitometric analysis (Fig. 4 B ) . We next examined the effect of SLPI on MMP-1 at the mRNA and protein level. As shown in Fig. 5 A, mRNA for MMP-1 is absent in control cells while LPS treatment results in the induction of mRNA for this enzyme. In this experiment the addition of SLPI at a concentration as low as 0.01 g/ml resulted in detectable inhibition while at concentrations of 1 and 10 g/ml caused a dramatic suppression of MMP-1 mRNA. When the protein levels of MMP-1 were examined by Western analysis (Fig. 5 B) , inhibition of LPS-induced MMP-1 was clearly detected with 0.1 g/ml of SLPI while at 10 g/ml the production of MMP-1 protein was almost completely blocked. The 45 and 43 kD active forms of collagenase (ACL) are evident with Con A alone and Con A plus 0.01 g/ml of SLPI. In this experiment, it was noted that the media from Con A-treated monocytes that received the higher concentrations of SLPI (0.1 to 10 g/ml) contained altered forms of active MMP-1. The ability of SLPI to inhibit MMP production was lost if it was added 30 min after LPS or Con A (data not shown), which correlated with the failure to inhibit the requisite induction of PGHS-2 (Fig. 2) .
Reversal of SLPI inhibitory effects on monocyte function by Bt 2 cAMP and PGE 2 . In addition to MMP production by monocytes being dependent on PGE 2 and cAMP, we and others have shown that PGHS-2 is also regulated by these agents. To determine if the mechanism by which SLPI blocked PGHS-2 and MMP production was related to suppression of PGE 2 , either PGE 2 or Bt 2 cAMP were added to SLPI treated monocytes. As shown in Fig. 6 , the inhibition of PGHS-2 mRNA in Con A-activated monocytes by SLPI was reversed by the addition of PGE 2 or Bt 2 cAMP. The addition of PGE 2 or Bt 2 cAMP to unstimulated monocytes did not induce PGHS-2 mRNA or protein (data not shown). Similarly, as shown for MMP-1 in Fig. 7 , MMP production was also restored in SLPItreated monocytes by PGE 2 or Bt 2 cAMP. Thus SLPI appears, at least in part, to exert its inhibitory effects on MMP production by interfering with the induction of PGHS-2 and the generation of PGE 2 .
Comparison of SLPI with SLPI muteins and other serine proteases on monocyte prostaglandin H synthase-2 and MMP production. SLPI has been demonstrated to directly inhibit the enzymatic activity of several serine proteases (such as Figure 4 . SLPI suppression of monocyte MMP-9 production. Purified monocytes, 2 ϫ 10 6 /0.5 ml of DME, were cultured in 24-well plates in the presence or absence of the indicated concentrations of SLPI for 30 min before the addition of LPS (100 ng/ml). The culture supernatants harvested at 48 h were tested for MMP-9 by zymography (A), and the data were compared by densitometric analysis (B). elastase and cathepsin G which are both expressed in monocytes) (1-4) . The possibility that SLPI may be blocking the induction of PGHS-2 and MMPs through its inhibition of cellular proteases that may mediate signaling was examined by exposing monocytes to SLPI muteins or other serine protease inhibitors. Although the substitution of glycine, phenylalanine, arginine, lysine, or valine by site-directed mutagenesis for leucine 72 in the COOH terminus of SLPI significantly decreases the antiprotease activity of these muteins (5), they still retained the ability to inhibit PGHS-2 (Fig. 8 A) and MMP (Fig. 8 B) induction to the same degree as SLPI. These results suggest that SLPI mediates its inhibitory effect through an antiprotease independent mechanism. Further support for this conclusion comes from comparison of SLPI with other serine protease inhibitors. As shown in Fig. 9 , while SLPI caused a dose-dependent inhibition of MMP, the serine protease inhibitors AEBSF [4-(2-aminoethyl)-benzenesulfonylfluoride hydrochloride] (an aqueous soluble inhibitor, which has similar inhibitory characteristics as PMSF); soybean trypsin inhibitor (STI), or ␣-PI (␣-protease inhibitor; an elastase inhibitor) failed to inhibit the induction of MMP-1 (Fig. 9 A) or MMP-9 (Fig. 9 B) . However, the highest concentration of AEBSF tested did inhibit the conversion of the latent forms of MMP-1 to its active forms (Fig. 9  A) . Thus, the inhibition of monocyte PGHS-2 and MMPs by SLPI is through a mechanism primarily unrelated to its effect on serine proteases.
Effect of SLPI on cytokine production by monocytes. One possible mechanism by which SLPI may regulate the induction of PGHS-2 and MMP in monocytes is through its effect on cytokine synthesis by these cells. Therefore the effect of SLPI on the levels of TNF-␣, a proinflammatory cytokine, and IL-10, which has been shown to suppress PGHS-2 and MMPs (14) was determined. As shown in Fig. 10 , SLPI had no significant effect on the induction by LPS of TNF-␣ (Fig. 10 A) and a slight inhibitory effect on IL-10 ( Fig. 10 B) . SLPI also had no effect on IL-6 production (data not shown). These findings indicate that SLPI does not appear to mediate its effects by altering cytokines that might regulate PGHS-2 and MMP production.
Discussion
SLPI, believed to be an important inhibitor of neutrophil elastase and cathepsin G (3), is found in the fluids lining mu- cosal surfaces in the oral cavity and upper respiratory tract, suggesting that it may play an important role in host defense against proteases incited by a variety of pathogens. Indeed, SLPI has been indicated as a protective agent against damage of the human respiratory epithelial surface by neutrophil elastase (28) . Additionally, its presence in saliva suggests that it may also play an important role in regulating inflammation in the oral cavity where exposure to numerous bacteria and their products may induce the synthesis of destructive enzymes.
While the function of SLPI has been implicated in the regulation of inflammation by direct inhibition of proteases, the findings presented here demonstrated that it may also have a significant role in suppressing the destruction of connective tissue by blocking the signal transduction pathway leading to the production of MMPs by monocytes. The ability of SLPI to block MMP production appears to be related to its inhibition of PGE 2 due to the suppression of PGHS-2. This is supported by the restoration of PGHS-2 and MMP production by the addition of either PGE 2 or Bt 2 cAMP. The precise mechanism by which SLPI inhibits PGHS-2 and the subsequent production of PGE 2 is unclear. However, it does not appear to be due to the inhibition of phospholipase activity, an earlier event in this signal transduction cascade, since the LPS-induced release of arachidonic acid was unaffected by SLPI (data not shown). Additionally, SLPI does not function as a general metabolic inhibitor since the induction of IL-2 receptor expression in monocytes by LPS is unaffected by SLPI (6).
SLPI has recently been shown to inhibit HIV-1 infection of monocytes through mechanisms that may be independent of its antiprotease activity (McNeely, T.B., D.C. Shugars, M. Rosendahl, C. Tucker, S.P. Eisenberg, and S.M. Wahl, manuscript in preparation). Evidence that the suppression of the induction of monocyte MMP by SLPI is unrelated to its protease inhibitory properties is based on the ability of SLPI muteins, which have significantly reduced antiprotease activity, to also inhibit this pathway and the failure of other serine protease inhibitors to block the induction of MMPs. Tissue inhibitor of metalloproteinases-1 (TIMP-1) and -2 (TIMP-2) are other examples of protease inhibitors that modulate cellular responses through mechanisms other than the inhibition of proteases. TIMP-1 and TIMP-2 have been shown to have potent growthpromoting activity for a wide range of cells (29, 30) . Moreover, TIMP-2 has been shown to exert its growth-promoting effects through the modulation of cAMP (31). Thus, it is possible that some protease inhibitors may in fact exert potent regulatory effects that are potentially more biologically profound than their ability to inhibit proteases.
The precise point at which SLPI interrupts the signal transduction pathway leading to the induction of PGHS-2 and MMPs is not clear. However, it does not appear to be due to modulation of cytokine production by monocytes. SLPI did not effect TNF-␣ production, which is known to activate many monocyte functions. IL-10 is a cytokine produced by monocytes that has been shown to inhibit the induction of PGHS-2 Figure 10 . Effect of SLPI on TNF-␣ and IL-10 production by monocytes. Purified monocytes were cultured in 24-well plates at 2 ϫ 10 6 cells/0.5 ml of DME. SLPI was added 30 min before LPS and the culture supernatants harvested 24 h later and the levels of TNF-␣ and IL-10 determined by ELISA. The data represent the mean of duplicate samples.
and MMPs by these cells (14) . However, SLPI did not enhance IL-10 production but rather caused a slight decrease in the levels of this cytokine.
The concentrations of SLPI (0.1-10 g/ml) that exhibited inhibitory activity on the monocyte functions described here were well within the physiological concentrations found in various body fluids. Examples of SLPI amounts in biological fluids include: saliva (4-24 g/ml) (6) and bronchoalveolar lavage fluid (0.14Ϯ0.06 g/ml) or bronchial lavage fluid (2.08Ϯ1.16 g/ml) (32) . In addition to the production of SLPI by epithelial cells lining mucosal surfaces, this inhibitor is also produced by human articular cartilage chondrocytes and fibrochondrocytes (33) and thus may function as an important regulator of MMPs at these sites.
MMPs are believed to play a crucial role in the destruction of connective tissue in chronic inflammatory lesions, thus it is important to identify natural inhibitors that suppress the production of these enzymes. SLPI is clearly a potent inhibitor of the signal transduction pathway in monocytes leading to the production of MMPs. Understanding the manner in which SLPI production is regulated and the precise mechanism by which it suppresses MMP synthesis may provide important approaches in the regulation of connective tissue destruction.
